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Multiloop feedback has heretofore been ignored as a means of obtaining 
shaped gain amplifiers. In this paper, a theoretical basis is developed for 
using dual major loop feedback amplifiers to obtain shaped power gain 
with input and output reflection coefficient constraints. From the theoretical 
results, practical design procedures can easily be developed and one such 
procedure is discussed. 

The aim of this study was an alternative to the "brute force" termina- 
tion technique of realizing input and output impedance matches. The 
development is otherwise unique in that it uses no hybrid transformers for 
beta circuit coupling or for realization of the reflection coefficient 
constraints. 

I. INTRODUCTION 

Wideband feedback amplifier design has heretofore mainly been 
accomplished by the use of single major loop feedback techniques. 1-4 
Major loop feedback implies that the current or voltage on the input 
to the basic amplifying element is manipulated by the current or volt- 
age that appears on the output of the basic amplifying element. The 
design concept follows the classical feedback design procedure of 
assuming a unilateral forward amplifying element of voltage gain n and 
a feedback path with voltage gain /3. Existing multiloop feedback 
techniques have been primarily concerned with stability considerations 
of "tandem" 5 and minor multiloop 23 feedback arrangements. 

In many applications, input and output impedance matching of the 
amplifier is necessary. The communications amplifier is one such 
example, since it requires very low levels of signal interference due to 
input or output impedance mismatch. The classical single-loop feed- 
back techniques offer little help in designing for the impedance match- 
ing constraint. This is due to the fact that the more loop gain in a 
single-loop feedback circuit, the more extreme (zero or infinite) the 
input and output impedance becomes. 1-3 Two techniques that are 
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used to circumnavigate this problem are "brute force" terminations 
and bridge couplings. 

The brute force approach obtains the impedance match by placing 
a resistor in series with the input (or output) for a feedback amplifier 
with zero input (or output) impedance. A parallel resistor is used for 
the infinite input or output impedance case. 

The use of a balanced resistor bridge is also useful in obtaining an 
impedance match. This is accomplished by balancing the bridge com- 
ponents with respect to the input (or output) impedance of the feed- 
back amplifier. The use of a resistive bridge is limited, though, due to 
the excessive resistive losses associated with such a bridge. A useful 
four-port device, which exhibits the same qualities as a resistive 
bridge but with much less through loss, is the hybrid transformer. 6 
The impedance match with this device is obtained by manipulation 
of the two unused port impedances. 7 

Since the hybrid transformer is similar to a bridge, one of the two 
unused ports can be used for the /3 return path. This technique is 
theoretically the best alternative mentioned since a property of such 
a connection is that the impedance match is improved with the 
amount of loop gain. 2 This technique has been used to advantage on 
several communications amplifiers. 8,9 

The limitations of the above alternatives of obtaining an impedance 
match become evident when other design constraints are investigated. 
For example, the noise figure of an amplifier is degraded by any loss 
that exists on the input to the amplifier. 10 Thus, the use of brute force 
or hybrid transformer coupling causes an increase in noise figure. On 
the output side, a loss increases the power requirement on the last 
stage of the amplifier. Even if this is no problem, the resultant in- 
crease in the distortion may be. This is due to the fact that second- 
order distortion power increases twice as fast as fundamental power 
and third-order distortion power three times as fast. 11 Thus, the losses 
associated with the matching techniques will increase the power re- 
quirement and reduce the linearity of the overall amplifier. 

The use of the hybrid transformer in the /3 path may also cause a 
stability problem. Since the transformer introduces phase shift, due 
both to the physical length and techniques of construction, their use 
is limited at very high frequencies. 

Investigation into alternative methods of design is therefore de- 
sirable. To this end, this paper presents fundamental concepts on the 
techniques of using major multiloop feedback in amplifier design. The 
objective is the design of wideband-frequency-dependent gain ampli- 
fiers with input and output match constraints. The design procedure 
does not use hybrid transformers and attempts to minimize brute 
force termination techniques. 

1254 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1975 



In Section II, the basic amplifier element is introduced. The analysis 
that follows is applicable to configurations of active devices that can 
be modeled by this basic amplifier. A circuit form using this basic 
amplifier is then introduced. Matched impedances and gain relation- 
ships are developed for this circuit form in such a way as to make the 
open loop gain characteristics evident. This paves the way for an 
initial design approach that is independent of the loop gain 
characteristics. 

In Section III, a second circuit form of shunt-series feedback using 
the same basic amplifier is introduced. Matched impedances and gain 
relationships are again developed. The derivations in this section 
exactly parallel those of Section II. 

In Section IV is given the results of the two previous sections to 
demonstrate the procedure used to obtain an initial circuit design for 
a practical amplifier configuration. The configuration treated is that 
of a cascade of N common emitter transistor stages. It is shown that 
for A r odd, the results of Section II can be used, and for N even, the 
results of Section III apply. One numerical example is supplied for 
each case. Two appendices provide the calculations used to derive the 
results in Sections II and III. 

II. SHUNT TRANSADMITTANCE: SERIES TRANSIMPEDANCE FEEDBACK 

Each dual-loop feedback amplifier discussed in this paper contains 
three major components : two feedback networks and one amplifying 
element. Each major component is assumed to be made up of any 
number of passive and active elements. Characteristics of importance 
for the amplifying element component are given in Fig. 1 ; this ab- 
breviated model is designated a basic amplifier. In this figure, z x is 
the input impedance and I a is a current-controlled current source. /, 
is given by the product of a frequency-dependent variable k and the 
current through z x . 

In Fig. 2, the first multiloop feedback circuit form is given. Series 
feedback voltage source al sums up the most important characteristic 
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Fig. 1 — Basic amplifier. 
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Fig. 2 — First feedback form. 



of one feedback network. Shunt current source — bV likewise is the 
important characteristic of the second feedback network. Since the 
series feedback voltage source is dependent upon output current, it 
represents a transimpedance feedback. Similarly, the shunt current 
source is dependent on the output voltage yielding a transadmittance 
feedback. Source and load impedances, Z s and Zl, summarize amplifier 
interaction with the driving circuitry and the loading circuitry, 
respectively. 

2.1 Input and output impedance 

Zi D and Z out , the input and output impedance, are desired to be 
matched to Z s and Z L , respectively. Thus, Z in and Z out are needed and 
are given by 

z x + ka 



Zin — 

Z ou t = 



1 + kbZ L ' 

Zx + Z s + ka 
kbZ s 



If the amplifier gain k is large, then Z- ln and Z out become 

ak a 



Zin — 



bkZ L bZ L ' 



„ ak _a_ 

out " bk~Z s " bZ s 



(1) 
(2) 

(3) 

(4) 



For the matched condition, Z in = Z* and Z out = Z* L . Using these condi- 
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tions in eqs. (3) and (4) yields 



Z s = Z in - r=- , (5) 



bZ 



L 



Z* L = Z out = k^- • (6) 



Substituting (Z* L )* = Z L from eq. (6) into (5) yields 
which implies 



s b(a*/b*Z*) ' Kn 



F-(S)*-f » 

Thus, conjugate matching yields the requirement that the ratio of 
a to & (or more generally ka to kb) must be real. Given this fact, eqs. 
(5) and (6) are identical, i.e., 

Z* S Z L = Z S Z* L = 1- (9) 

The imaginary part of Z L Z* is therefore constrained by 

Im [Z L \ Re \Z e \ - Re {Z L \ Im \Z S \ = 0. (10) 

A necessary condition for an amplifier to be absolutely stable is that 
Zi„ and Z ou t be passive. 12 This is satisfied when the real parts of Z„ 
and Zl are positive. Thus, the imaginary part of Z s and Z L have 
the same sign, implying that if the matched load impedance is capaci- 
tive (inductive), then the matched source impedance is capacitive 
(inductive). 

If the reflection coefficient [reflection coefficient p is defined as 
(Z — Z* e r)/(Z + Zref)] 13,14 at the input is evaluated (assuming 
Z, = a/bZ* L ), the following is obtained: 

/ 2a& Re (Z L ) . X- 1 nn 

Pin = Pineal + ZxbZl + " k) ■ (ID 

In eq. (11) /Ji„ is the input reflection coefficient when k = 0. 

Evaluating the return ratio T (Ref. 2) of the circuit in Fig. 2 with 
respect to the output dependent current source gives 

T = zgWgj) k . (12) 

ZzbZ L + a 

Return difference F (Ref. 2) is defined as 1 — 7'; thus, eq. (11) can be 

rewritten as 

1 



Pin — Pin„ fi • (13) 
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Therefore, the return loss (20 log 1/ 1 p | ) is improved with increasing 
return difference F. Since the output reflection coefficient is given by 

Pout = Pout„ -p , (14) 

it also realizes the same improvement with increased return difference. 

2.2 Gain equations 

The transducer gain for the circuit in Fig. 2 can be calculated when 
it is assumed that Z, = a/bZ* L : 

I 5 "!' = W\\T^W- (15) 

Again, T is the return ratio and is given by eq. (12). 

In eq. (15), T is proportional to k. Thus, for large k, \Sn\ 2 goes to 
l/|ab|. Therefore, eq. (15) can be rewritten as 



where 



2 


\T 


I 2 




11 


— 


T\ 


2 » 


1 









(16) 



S^ = m - (17) 



2.3 Design procedure 

In the derivations given thus far, a definite effort has been made to 
separate the dependence of k. This was done for two reasons: (i) to 
allow an initial design to be effected with k not a variable, and (it) 
to allow definitive statements to be easily made concerning the effects 
of A:. The former can easily be implemented by assuming k = » . 

In this case of k = <», eqs. (8), (9), and (17) are relevant. These 
equations are repeated for convenience : 



(a\* a 
\b) b 



(8) 



Z. Zl = I (9) 

\ab\ 

It should be noted that eq. (8) implies that a/b is real, but o and b 
can be complex. |»S2i»| 2 in eq. (17) is the maximum available gain 
since it is obtained with the input and output matched. 

In summary, the design procedure given below could be used when 
the desired gain g and impedance matches are known. 
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(i) Choose an arbitrary starting Z s and Zi such that Z,Z* L is real. 
(ii) Substitute a from eq. (9) into eq. (17), yielding 

» ■ I*-'* = z&W (18) 

Synthesize b such that 

\b\ = . * (19) 

There are no constraints upon the phase of 6 except those that 
may result from stability considerations. 
(in) Synthesize a such that 

a = bZ s Z\. (20) 

(v'y) The value of k is now obtained by considering the practical 
active devices used to simulate the ideal amplifying element. 
With k known, the return ratio T [eq. (12)] can be calculated; 
this yields the obtainable impedance match and gain devia- 
tion, eqs. (13), (14), and (16). If the design objectives are not 
met, the previous calculations should make the necessary 
changes evident, e.g., lower Z s or a higher value of k. 

III. CURRENT TRANSFER SHUNT; VOLTAGE TRANSFER SERIES FEEDBACK 

The last multiloop feedback circuit to be considered is shown in 
Fig. 3. In this case, the series feedback voltage source is dependent 
upon the output voltage and thus represents a voltage transfer feed- 
back. Similarly, the shunt current source is a current transfer feedback. 
The voltage source is given by aV and the current source by —bl , 
otherwise Figs. 2 and 3 are identical. 

3.1 Input and output impedance 

The input and output impedances, when evaluated, are given by 

Zin = Z \~ ^^ , (21) 

1 — ok 
Zoul _ 2 -+V t,Z -" - (22) 

For large k, eqs. (21) and (22) become 

Z ln = - h Z L , (23) 

Z out = \ Z s . (24) 
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■© 



Z in- Pin "±" Pout.Zo 

Fig. 3 — Second feedback form. 
The conditions of input and output matches yield 



Z, — Zi„ — t Zl — T (Z ou t) 



=?«)' 



Thus, 



and 



«)*-«)■ 






Z, _ o 

Z£ ~ 6' 



(25) 
(26) 

(27) 



Since a/b is real and the real part of Z s and Zl are nonnegative, then 
eq. (27) implies that if Z s is capacitive (inductive) then Z L must be 
inductive (capacitive). 

Input and output reflection coefficients can be evaluated along with 
the return ratio and return difference. The results are shown below 
for Z s and Zl, satisfying eq. (27). 



T = 



2kab Re (Z L ) 



bz x + aZ L 
F = 1 - r. 



Pin — Pin 



1 



Pi»n - 



1 „ 1. 

Pout Pout p p , 



bz x — aZh 
bz x + aZ* L 

Pout- = 1. 



(28) 
(29) 
(30) 

(31) 



Thus, as in the case of the first circuit form, the reflection coefficients 
are improved by the return difference. 
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3.2 Gain equation 

When the load and source impedances satisfy eq. (27), the trans- 
ducer gain for the circuit in Fig. 3 is given by 

\Sn\*= I^P^p, (32) 

IAiJ"---rir ( 33 > 

\ao | 

This is the same form as was given in eqs. (16) and (17) ; thus, the same 
statements apply to the above equations concerning improvement 
with feedback. 



3.3 Design procedure 

Initial circuit design can proceed in a manner similar to the first 
case. The term k again is assumed equal to infinity; this yields the 
germane equations summarized below. 



(a\* a 
\b) ' b 



(26) 

rrv (27) 

|S 2 i»l a = 4-t- (33) 

ah | 

The four design steps outlined previously apply except as follows. 

(i) Choose Z„ and Z L such that Z*/Zl is real. 
iii) Substitute eq. (27) into (33) so that 

</= |S 21 J 2 = -sr (34) 



Synthesize b such that 



(iii) Synthesize a such that 



' ~^=- < 35 > 

zi^ 



a = p b. (36) 



Z 



L 



(iv) With k known, the return ratio is obtained from eq. (28). 
Equations (30), (31), and (32) then yield the obtainable impedance 
matches and gain deviation, respectively. 
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IV. DESIGN EXAMPLES 

Results obtained in the last two sections will now be applied to a 
basic amplifier consisting of a cascade of JV common emitter transistor 
stages. Transistors will be assumed to be used in a frequency range 
well below cutoff. The first case to be treated is for N odd. 

4.1 N odd 

Consider the circuit given in Fig. 4a. In this circuit, the transistor 
will be modeled by the circuit given in Fig. 4b. The circuit given in 
Fig. 4a will now be converted to the form given in Fig. 2. Z, and Z L 
have their obvious counterparts. z x is given by the impedance from 
base to ground with al equal to zero; this is obtained when /o = 0, 
which can be obtained by setting ai (first stage a) to zero. From the 



r 
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r 
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IV 
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bO VW 




Fig. 4 — Design example N odd. 
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transistor model, this is evidently 

z z = r' b + r e + Z E . (37) 

/, is given by the collector current on the Nth transistor when the base 
current on the first is unity. With the cascade of N transistors, this 

yields 

/. = 0i, ■■•,/8w»«; ^TZ^ k- fa, •",$!/. (38) 

The term a is given as the value of open circuit input voltage {Z, and 
Z F removed) that exists when I equals unity. This is given by 

a = Z E + /* + r l , N>\ (39) 

Pi, • • •, PN 

a = Z E + r e , N = 1. (40) 

For |/9*, • ■ •, 0jv|»|£* + r e |, eq. (39) can be approximated by 

a = Z £ , N > 1. (41) 

The last remaining parameter b can be obtained by evaluating the 
?/i2 parameter of the network F, yielding 



b= - fo M )= -(zj) = j; 



(42) 



Loading effects of the Y networks, i.e., yn, y^, can be ignored if they 
are sufficiently small. 

As a numerical example, the value of k, Z F , and Z E are calculated 
to yield an input and output reflection coefficient of 0.18 (return loss 
of 15 dB) and a gain to within a factor of 1.26 (1 dB) of /»/400, / in 
MHz, in the band from 80 to 140 MHz. The remaining parameters of 
the transistors are r' b = 1, and r e = 0.173. 

Following the four-step design procedure yields 

0) Let Z, = Z L = 20, Z s Z*l = 400. 
(") 9 = 400 = 400 1 6 1 2 



,H-}- 



z f 

\Z f \ = f, fin MHz. 

If Z f is chosen as an inductor, then 

\Z f \ = 2t fL = /;thus, 
L = 1/2a-mH, and 
1 1 



6 - 



torfLj fj 
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[in) a = ZXxJb = 4006 = 400 ^ = (T ^r 

a = —tj ; thus, a can be realized when 

Zs(^a) is a capacitor of value 
1 



C = 



mF. 



2tt(400) 
(iv) Using eq. (12) and a 

T = 



Ze, the following is obtained : 






r = 



- 16000A; 



8000 + /./423.4 



-0.46e-^ 77 °/b at 80 MHz 
-0.27e-> 82 °fc at 140 MHz. 



For k = 20, |1 - T\ = |F| at 140 MHz (the worst case point) is 
given by |1 + 5.4 e -' 82 °| = 1 1.75 - j'5.35 1 = 5.63. This reduces the 
reflection coefficient by 1/5.03 = 0.18. Thus, the input and output 
reflection coefficient specification is initially satisfied. 

The gain deviation at 140 MHz is calculated from eq. (15) and is 



T\ 



5.4 



1 - T\ 



5.63 



= 0.919. 



This implies a gain deviation from nominal of 0.37 dB, and initially 
satisfies the design requirements. 



in 

AA/V- 



2on 



ZF-nTMh 



^w^ 



aip, a - 0.95238 



e 



0.173= r. 



1 



(2rr) (400) pf 



.2on 



Fig. 5 — Numerical example N odd. 
1264 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1975 



The resulting circuit for N odd is given in Fig. 5. The actual trans- 
ducer gain, input impedance, and output impedance values for this 
circuit were obtained by a computer-aided design program. 15 A sum- 
mary of the results is given in Fig. 6. It can be seen from this figure 
that this procedure yields a practical first iteration in the design 
procedure. 



9 16 
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140 



Fig. G — -V odd results. 
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4.2 N even 

For an even number of transistors, the circuit in Fig. 7 is used. The 
transistor model of Fig. 4b is again used. The evaluation of the param- 
eters of Fig. 3 follows on the same basis as in the N odd case. Using 
Fig. 7, the calculations are summarized below. 

Zx « r b + r. + Z E , (43) 

/. = 0i, •■•,jM«; fc = -0i, ■••,£*, (44) 

Z E r e + (200Z g )/(Z g + 200) 

a 200 + Z £ + Zl0 s , ■■-,&* 

fa » 1, i = 2, • • ■, N, \Z E | « 200 (45) 



~200' 



6 = z7+~2~z7' !^!»2. (46) 

A numerical example is given to show the initial design steps for 
obtaining a maximum input and output reflection coefficient of 0.18 
and a gain to within 1.26 of f (f in MHz), from 80 to 140 MHz. The 
transistor parameters are again r' b = 1 ohm and r e = 0.173. 

The four design steps yield 

(i) LetZ. = Z L = 20,fSr = 1. 

(it) g = P - -||p 

161=4= 2 



/ \Z,\ 
\Z W \ - 2/. 
Let Zf = j2/ = j2rfL, L in /xH 



L = -/xH. 

IT 



(Hi) a = b = - 



2 Z £ 1 



j2irfL 200 j/ 

JJ 
This implies that Z B is a capacitor of value 

C = 27(200) mR 
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Fig. 7 — Design example JV even. 



(iv) Using eq. (32), 
2ab Re (Z L ) 



r = 



T = 



k = 



2(l/i/)(l/i/)20 



6z x + aZj, 

40 
200 + 21.173 j/ 



G/j7)W + ^ + 200/ jf) + 20/ j/ 

0.023e- 83 ^A; at 80 MHz 
0.015e- 86 °^ at 140 MHz. 



k = 



For k =-400, \\-T\ = \F\ at 140 MHz is given by |l+6e- 88, '| =6.1. 

The reflection coefficient is reduced by a factor of 1/6.1 (15.7 dB). 
Gain deviation can be calculated and is equal to 0.95 (0.22 dB) ; thus, 
the initial specifications are satisfied. 

Figure 8 gives the resulting circuit. The results of the computer 
analysis of this circuit are given in Fig. 9. Again the data show that 
the approach yields good results. 

It can be seen in Fig. 9 that the difference in gain is greater than the 
computed 0.22 dB. This is due to the fact that a was taken as Zb/200, 
rather than the term given in eq. (45). A more accurate evaluation 
(denoted by the hatted variables) of a is given as 



a = 



a 



200 + Z E 

Z E , Z E 



r e + (200Z E )/(Z E + 200) _ Z E Z E 

rr „ f**> r,f\f\ ' 



+ 



200 ' (20) (80) 200 



Zift 200 ' Zl0 2 

(1 + 0.125) = 1.125a, 



where a was the numerical value previously obtained. Using eq. (33) 
yields 



^ I* - 



1 



1 



1 



\db\ 



1.125o6 



1.125 \ab 



1.125 



- $21o 
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o— A/W— t (^) o — VV\r— t (^V 

▼ 'el <* f I 



0.173 



0.173 



2C0P- 

AAAr 



2tt (200) 



ph 






* VW— 1_ 



Fig. 8 — Numerical example N even. 

Again the unhatted quantities were the ones used in the five design 
steps. The factor of 1.125 accounts for an additional 0.51 dB of the 
gain difference. 

In this example, the gain difference can easily be reduced by in- 
creasing the of the second-stage transistor. This was not done since 
it was desired to keep the /3i/3 2 product at 400. Since /3 2 is 80, this 
forces /3i to be 5 ; any high value of /3 2 results in unrealistic values of jSi. 
Nonetheless it is evident that a high /3 2 , ■ ■ ■ , /?* product is needed for 
an even number of cascade stages. 

V. CONCLUSIONS 

In this paper, the basic characteristics of two forms of major multi- 
loop feedback have been investigated. The design characteristics 
treated have been input and output impedance and frequency-de- 
pendent power gain. It has been shown that, with sufficient open loop 
gain, the equations that describe the gain and impedance quantities 
are very simple in nature. An initial circuit-design iteration can easily 
be performed since many complicating variables are eliminated. 

This initial circuit-design concept would be extremely useful in 
a computer circuit analysis-optimization program. Well known is the 
major practical limitation of optimization programs : the obtaining of 
a convergent starting point. For dual-loop amplifiers, this paper offers 
the designer a method of easily finding a good starting point. 

Although not reported here, several frequency-shaped amplifiers 
were actually built using multiloop feedback. The excellent perform- 
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140 



Fig. 9 — N even results. 



ance of these amplifiers, with respect to input and output matching 
and gain shaping, has precipitated the work reported in this paper. We 
anticipate that future papers will discuss more complicated active 
devices, feedback network loading effects, and feedback network 
synthesis. 
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APPENDIX A 

Shunt Transadmittance: Series Transimpedance Feedback Calculations 

A.1 Calculation of Z,„ 

V in = akix 

lx= z x ; 

ix(z x + ak) = 7 in ; 
Vo = — ki x Z L . 



Thus, 



I in = i x — bVo = i x + kbixZL) 

r ft i hhv \; - (1 + kbZ L ) r . 

y V ia _ z x + ka 



/ in 1 + kbZ L 

A.2 Calculation of Z oul 

, T7 . Z, alo 

i x = bVo 



z x + Z 8 z x + Z s ' 

ki x - /. - * (bv.^fc-) - k (^rj; 

Io(z x + Z s +ka) = kbZ s Z ; 
„ V _ (z x + Z 8 + ka) 
Zo " 7o ~ kbZ. 

A.3 Input reflection coefficient calculation 

_ Z ™ ~ Z * 7 Zx + ka 7 = — 

Pia=s Z in + Z,' in l + kbZ L ' 8 bZl' 

- ( Zx + k a 5L_\ // Zx ~J~ fea -I — \ 

Pin " V 1 + bkZ L bZ L )/ \ 1 + kbZ L ^bZl) 

_ z^bZi, + abkZL — a — abkZt 
' z x bZl + obkZl + a + a6A:Zi, ' 

2 z 6Zl — a 

Pin ~ z x bZ\ + a + a&&[2 Re (Z L )] ' 
_ ggbZi, — a 

Pin - Pin U=0 - Zx bZ* L +a' 

Therefore, 

_ z x bZ L - a /, 2ab Re (Z £ ) X" 1 
Pin " **&Zl + a X V «^Z1 + a *7 

- pin ° V 1 + z x bZl + a k ) ' 
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A.4 Return ratio calculation 

Assuming the output current source I, is disconnected and replaced 
by a 1-ampere current source, T is given by the current that flows 
through the disconnected current source. 

*• = M/ °i7TT 8 " TTVz; u = h Vo = ~ Zl > 

,_ Z. a -bZ L Z s - a 7 a . 

l - = - hZL ^T~zr^+Zs~ ** + z s - Zs bZl' 

_ _ . , -bZ L (a)/(bZl) - a _ abZ L + abZ\ 

T - ki x -k ^ + {a)/{bZl) ~ bZx zl + a 

-2abRe (Z L ) 
bz x Z\ + a 

A.5 Output reflection coefficient 

Z out - Z\ _ z x + Z s + ka . 7 _o_ . 

Pout " Z out + Z t ; Zout " ' «*Z. ' Ll bZV 

( z x + Z. + fcfl a \ // zz + Z. + ka a _\ 
pout " V _ *&Z S 6Z J/ V *6Z. + ^/' 

/ g, + Z. + afc ~ afc \ / / 2 l Z: + Z 8 Z* g + akZ* + qfcZ , \ 
P " ut -V" MZ. )/{ kbZX )' 

z x Z* + ZX 



p ° ut " 2l z: + z 8 z: + qfc(z 8 + z:)' 

_ z_X±_zX 

Pout - Pout, fc=0 ZiZ * + ZsZ * A- 



Therefore, 

/ ofc(Z. + Z*,) \~ 1 , 7 _q_. 
Pout - Pout ^i -r- ^ z * + ZsZ * y , *« bZ * , 

/, , qfc(q/bZl + a/bZ L ) X" 1 

Pout - Pout [1 + Zx{a/hZL ) + (a/6Zl)(o/6Z L ) ; 

/, , fcabZ L + A;abZl \-* 
- p °-oV 1+ «J,Zt + a ; • 

/. , 2ab Re (Z L ) , \~ 1 
Pout - Pout [1 + 6zX + " hj . 

A.6 Transducer gain calculation 

Assume a voltage source of value V, is inserted in series with the 
source impedance Z, in Fig. 2. Let Z 3 = a/bZ* L . Pas will denote the 
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available power from the source and P„ ut the real power delivered to 
the load Z L . 

\V,\ 2 IFJ 2 IZ L I 2 I6| 

"as = 



4 Re (Z.) 4 Re (Z L )\a\ ' 

v V' z in / F z x + ka \/( a Z x + ka \ 

Vin Z, + Z in V 1 + kbZ L )/ \bZ* L "M + kbZ L ) 

(z x + ka)bZ* L 



a + kabZ L + (z x + ka)bZ m L 

v _ (z x + ka)bZ* L V a _ (z x + ka)bZ* L __L „ 

in a + ZxfeZl 4- 2&a6 Re (Z/.) a + z x bZ* L 1 - T ' 

Via — alo _ • _ kix _ Io 
z x k k 

Thus, 

T — V • 

1(1 ~ z x + ka Sin > 

P out = hH Re (Z L ) = ^l^rnr l^inl 2 , 



V. 



* y s, 



Pout — 



z x + ka\ 
k\ 2 Re (Z L ) \z x + ka\ 2 \b\ 2 \Z L \ 2 \V.\ 2 



\z x + ka\ 2 \a + z x bZl\ 2 |1 - T\ 2 

Therefore, 

iq 12 _ p Q«t _ |fel 2 Re (Z L )|b| 2 |Z L | 2 |7 a | 2 4Re (Zz,)|a| 
1 "' P^s |a + z*&Z* t | 2 |l - T| 2 |F S | 2 |Z L | 2 |6| 

\k\ 2 ~Re 2 (R L )\ab\4 1 |T| 



|a + z x 6Z*J 2 |l - T\ 2 \ab\ |1 - r| 

APPENDIX B 

Current Transfer Shunt: Voltage Transfer Series Feedback Calculations 
B.1 Calculation of Z tn 

Fi n — aVo Fin + aki x Z L 



lx = 



lx = 



z x 

Fin 



z x - akZ L ' 

F in (l - bk) 



I in = ~ bl + i x = (-bk~\ l)i x = 

Zin = 



z x — akZi ' 
Fin z x — akZ L 



7 in 1 - bk 
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B.2 Calculation ot Z„„, 

bI Z„ aV Z.bl - aV 



It = 



Z s + z x Z a + z x Z a + z x ' 

kZJbh - kaV 



ki ' = Io= Z s + z x 

Io(Z t + z x - kZJ>) = - kaVo', 

_ V _ Z s + z x - kZ s b 
/o — ka 



B.3 Return ratio calculation 

ir = bl . ' v aV - , 7 , h = 1, V n = — Zl] 

Zz + Z, Zj + Z s 

bZ, q,Zl 7 _ a v* 

tx ~ir+z.+zr+z.' z °-b ZL] 

kb(a/b)Z* L + aZ L k 2kab Re (Z L ) 

: " = 2, + (a/b)Z* " 6z a + aZ* 



B.4 /npuf reflection coefficient calculation 

p,n = zii' + f a > Zi - = **c-?bk L ' Zs = (a/6)z1, (a/6) reai; 

(z x — akZ L aZ L \ / ( ' z x — akZ L , a v *\ 

pi -- i i-6* r;/ V i -m & v 

6z x — abkZL — Q-Zl + abkZL 
~ bz x - abkZ L + aZ* L - abkZ\ ' 
bz x — qZl 



Pin = 



bz x + aZ\ - a&fc Re (Z L ) ' 



bz x — aZ L 

Pin - Pin u . =0 - hZi + aZ *< 

therefore, 

/, 2ab k Re (Z L ) V 1 
Pin - Pm 4 ^1 - hZj + aZ * J • 

8.5 Output reflection coefficient calculation 

- Znut ~ Zl ^ Z, + Z x - kZ s b 

P ° Ut Z „t + Z L ' -*fl 

Z s = (a/6)Zl, (a/6) real; 
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( Z. + z x - kZ a b „*\ // Z 3 + z x - kZ.b , v \ 

p " ut= i =^ Zl )/\ =Ta +Zl ) 

Z,+ z x - kZ s b + kaZl Z. + z x 



Z a + z x - kZ a b - kaZ L Z s + z x - ka2 Re (Z L ) ' 

Pouto = Poutj ^ =0 = 1> 

(. 2ka Re (Z L ) \~ l _ / 2feab Re (Z L ) X" 1 

Pout. - Pouto [1 ~ (a/b)Zl + z ) - Pout ^1 - ^ + hZx f • 

B.6 Transducer gain calculation 

Assume a voltage source of value V ' , is inserted in series with the 
source impedance Z, in Fig. 3. Let Z, = {a/b)Z* L , a/b real. P A s will 
denote the available power from the source and P ou t the real power 
delivered to the load Zl. 

I V I 2 I V \ 2 \h\ 

* as — 



4 Re (Z s ) 4 Re (Z L )\a\' 
ir V,Z in /„ z x - akZ L \ I ( a » z f - qfcZi ,\ 

Fin = zTTzTn = V 7 ' i-6* )/ U £ + i-wfc J 



oZl - abkZl + 6** - a&A;Z L ' 



T , I/r bzx — afrfcZr, _ T , b^x — abkZ L v 1 

"in ~ "i rwTTT! r»_i.T. t». frr \ ~ "* _*7* I !._ * 



oZj + bz x - 2abk Re (Z L ) ' aZ* h + bz x ~ 1 - 7" 

Fin - aVo = ■ = ki x = h = V in + ahZ L _ 

P out = /o/o Re (Zx) = J^'^y'n Re ( Z ^)» 

|fc[ 2 Re (Z L ) \bz x - abkZ L \* 1 ■ „ 

r ° ut \z x -ahZ L \* |aZl + 6 2l | 2 |l-T|» ,Kt1, 

|fel 2 |6| 2 Re(Z L )|7,l 2 
|aZ t + &z*| 2 |l - T\ 2 ' 

therefore, 

iq i, Pout |fc| 2 |6| 2 Re (Z L )la|4Re (Z L )\V.\> 
|dM| Pas |aZ L + 6z x | 2 |l - T| 2 |y,| 2 |6| 

1 ITI 2 



\ab\ |1 - T| 

1274 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1975 



REFERENCES 

1. P. E. Gray and C. L. Searle, Electronic Principles, New York: John Wiley, 1969. 

2. H. W. Bode, Network Analysis and Feedback Amplifier Design, New York: 

Van Nostrand, 1945. 

3. I. M. Horowitz, Synthesis of Feedback Systems, New York: Academic Press, 

1963. 

4. F. H. Blecher, "Design Principles for Single Loop Transistor Feedback Ampli- 

fiers," IRE Transactions on Circuit Theory, CT-4, No. 3 (September 1957), 
pp. 145-156. 

5. F. H. Blecher, "Transistor Multiple Loop Feedback Amplifiers," Proc. of the 

National Elec. Conf. (Sponsored by AIEE and IRE), 13, 1957, pp. 19-34. 

6. H. O. Friedheim, "On Hybrid Transformers," A.T.E. J., 14, No. 3 (July 1958), 

pp. 218-228. 

7. L. H. Morris, G. H. Lovell, and F. R. Dickinson, "L3 Coaxial System-Ampli- 

fiers," Trans, of AIEE, PT 1, Commun. and Elec, 72 (November 1953), 
pp. 505-517. 

8. J. L. Garrison, L. P. Labbe, and C. C. Rock, "L-4 System: Basic and Regulating 

Repeaters," B.S.T.J., 48, No. 4 (April 1969), pp. 841-888. 

9. E. H. Angell and M. M. Luniewicz, "Low Noise, Ultra Linear Line Repeaters for 

the L5 Coaxial System," IEEE International Conference on Communica- 
tions, June 1972, pp. 3.10-3.16. 

10. W. W. Mumford and E. H. Scheibe, Noise Performance Factor in Communica- 
tion System, Dedham, Mass. : Horizon House — Microwave, 1968. 

U.S. Narayanan, "Transistor Distortion Analysis Using Volterra Series Representa- 
tion," B.S.T.J., 46, No. 5 (May 1967). 

12. M. E. Van Valkenberg, Introduction to Modern Network Synthesis, New York: 

John Wiley, 1960. 

13. K. Kurokawa, "Power Waves and the Scattering Matrix," IEEE Trans, on 

Microwave Theory and Techniques, MTT-13, No. 2 (March 1965), pp. 
194-202. 

14. E. S. Kuh and R. A. Rohrer, Theory of Linear Active Networks, San Francisco: 

Holden-Day, 1967. 

15. R. M.-M. Chen et al., "Role of Computing and Precision Measurements," 

B.S.T.J., 58, No. 10 (December 1974), pp. 2249-2207. 



WIDEBAND AMPLIFIER DESIGN 1275 



